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Abstract
In this work we study the generation of coherent beams of terahertz acoustic phonons in GaAs-AlxGa1−xAs double
barrier heretostruture (DBH). In this device, for a given external potential, the electrons in the excited level relax in
the well emitting GaAs LO phonons. Due to anharmonicity, the LO phonon decays into a pair of phonons L˜O and
TA. The TA phonons form an intense coherent beam in the [111] direction. The Keldysh non-equilibrium formalism
is used to calculate the electronic current through the double barrier at ﬁnite temperatures. The system is described
by a tight-binding Hamiltonian that includes the electrons, the phonons and the electron-phonon interaction. In our
results, we analyze the behavior of the TA phonon emission rates (saser) when the temperature is increased.
c©2011 Published by Elsevier B. V.
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1. Introduction
The recent advances in generation of coherent acoustic phonons at THz frequencies have opened new possibilities
of research in fundamental phonon physics and materials characterization via application of the existing ultrasonic
techniques to the domain of large wavelength ﬁeld. The generation and control of elastic waves at THz frequencies
have been demonstrated in semiconductor superlattices [1, 2], bulk solids [3], quantum dots [4], and a number of other
systems. A device capable to generate an intense beam of coherent phonons in ultra high frequencies, known as saser,
can be applied to phononics, eletronics and to study nanoscale systems.
Usually, coherent phonons of high frequencies are excited optically by ultrafast laser pulses. Today, signiﬁcant
eﬀorts are focused on the development of electronic methods of ampliﬁcation and generation of coherent phonons in
the THz range. The saser will provide an intense beam of coherent sound and would have the potential to improve
ultrasonics in a similar way as laser improved optics. A few methods for GHz and THz sound ampliﬁcation have
been proposed. Some papers, like ours, have been explored so far only theoretically [5] and others have been explored
experimentally [6, 7].
The work of Goldman, Tsui and Cunningham emphasized the great importance that the electron-phonon [8] and
electron-electron [9] interactions have with regard the transport properties in a double-barrier heterostructure. To
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consider these interactions in systems far from equilibrium, we use the Keldysh formalism [10] that was shown to
be suitable to analyze many-body eﬀects in nanoscopic systems [11]. In previous papers [12, 13], the studies on
conductance of the DBH were based on the Landauer-Bu¨ttiker formalism [14, 15]. They were limited because they
do not take into account systems at ﬁnite temperatures.
The results of this paper are more accurate than previous ones, since we consider all the states above the ﬁrst
excited state, previously neglected, by renormalization of Green functions.
2. The device
The DBH studied here is constituted of GasAs-AlxGa1−xAs heterostructure as represented in Fig. 1. Metallic
contacts are considered in order to allow the application of small external potentials. The DBH was designed in such a
way that the energy diﬀerence ΔE = E1′ −E0′ between the ﬁrst excited level (E1′ ) and the ground state (E0′ ) in the well
is slightly lower than the GaAs longitudinal optical (LO) phonon energy ω0. Here ω0 is the LO phonon frequency
at Γ point in the Brillouin zone. The Fermi level (ElF) at the emitter (left side in Fig. 1) is ﬁxed in 15 meV. With the
increase of applied potential, levels in the well start to go down relative to the ElF and the ΔE increases. When the E0′
goes below the bottom of the conduction band, the current is almost suppressed until the E1′ passes through ElF . For a
given potential V , the resonant condition ΔE ≈ ω0 is achieved, so the electrons ﬂowing in the excited state begin to
decay to the ground state by emitting primary LO phonons. The emission of phonons is inhibited for potentials which
ΔE < ω0. For an Al concentration greater than 0.25 [16] or 0.3 [17], these phonons are conﬁned inside the well
(they can be also absorbed by exciting electrons from E0 to E1). Therefore, they accumulate there. This accumulation
represents an increase in the oscillation amplitude which is responsible for anharmonic eﬀects. Knowing that the LO
phonon has a short lifetime, it then decays coherently by anharmonicity into a secondary longitudinal optical phonon
L˜O and a TA phonon [18, 19]. Depending on the system conditions, these TA phonons form a coherent beam known
as saser [12], which we are interested in. The TA phonons have a very long lifetime [20], short wavelength and a
mean free path of about 2mm [21].
Figure 1: Representation of potential proﬁle and energy levels of the DBH at resonant condition. The number of left barrier layers are Nl = 20 (or
bl = 56.5Å), the number of right barrier layers are Nr = 11 (or br = 31.075Å) and Nw = 70 is the number of layers in the well (or d = 197.75Å).
3. The model
The system is described by a Hamiltonian that includes the contribution of the electrons He, of the phonons Hˆph,
the interaction between them Hˆe−ph and the electron-electron interaction, Hˆe−e.
Hˆtot = Hˆe + Hˆph + Hˆe−ph + Hˆe−e. (1)
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The electronic part is represented by a tight binding Hamiltonian with hopping v between nearest neighbors,
Hˆe =
∑
jk
[
ε jkc
†
jkc jk + v
(
c†jkc j+1k + c
†
jkc j−1k
)]
. (2)
Here z = ja is the z direction (growth direction), where j label a layer of the device and a = 2.825Å is the distance
between layers. The wave vector k is perpendicular to the z direction. ε jk = Ek + ε′j and ε
′
j = ε j − 2v. The energies
ε j describe the bottom of the potential proﬁle and Ek = 2k2/2m∗ are the energies of the electrons in the direction
parallel to the interfaces. The hopping v was chosen, as usual, in order to get a dispersion relation at the bottom of the
conduction band with the experimental eﬀective mass m∗ (v = −2/2m∗a2 = −7150meV).
The phonon Hamiltonian is given by
Hˆph = HˆLO + HˆL˜O + HˆTA, (3)
HˆLO =
∑
q0
ω0b
†
0q0
b0q0 , (4)
HˆL˜O =
∑
q1
(ω1 − ıκ1)b†1q1b1q1 , (5)
HˆTA =
∑
q2
(ω2 − ıκ2)b†2q2b2q2 , (6)
where ω0, ω1, ω2 are the energies for LO, L˜O and TA phonons respectively and b
†
pqp , bpqp (p = 1, 2, 3) are the
creation and annihilation operators of the respective phonons. Here we introduced two imaginary terms ıκ1 and ıκ2
that take into account the decay by anharmonicity of the L˜O phonons and the escape of the TA phonons, respectively.
Knowing that the electron-phonon interaction is relevant only in the well and that there is a translational symmetry
in the xy plane, we ﬁnd the following e − ph Hamiltonian,
Hˆel−ph =
∑
k
gk(c
†
0′kc1′kb
† + c†1′kc0′kb). (7)
where gk measure the eﬀective strength of the interaction and it was taken equal to 0.45meV [12].
The Hamiltonian describing the electron-electron interaction He−e is taken into Hartree approximation. This means
that the potential proﬁle depends on the accumulated charge in the well. It is treated self-consistently by solving the
Poisson equation.
From the Hamiltonian (1), we obtain the continuity equation outside the region of the well,
d〈q j〉
dt
= 〈I j−1/2〉 − 〈I j+1/2〉, (8)
where 〈q j〉 = e〈c†j c j〉 and 〈I j−1/2〉 are respectively the charge operator average at site j and the current operator average
at the bond linking the sites j and j − 1, deﬁned as
I¯ = 〈I j−1/2〉 = evi (〈c
†
j c j−1〉 − 〈c†j−1c j〉). (9)
The statical mean values 〈 〉 are taken on nonequilibrium stationary state of the system. Through the Keldysh formal-
ism we reduce the non-equilibrium current I¯ above into an equation that depends on the retarded Green functions of
the system which are in equilibrium. We use Dyson equation and a process of decimation to ﬁnd the retarded Green
functions. In this process, we consider all states at the DBH and the phonon emission for given k that occurs in the
well.
60   L. C. Guarnieri et al. /  Physics Procedia  28 ( 2012 )  57 – 61 
In the steady state, the electron and phonon populations must fulﬁll the following system of kinetic equations,
I˜ = R0′n0′ + R1′n1′ (10)
R0′n0′ = w[n1′ (nLO + 1) − n0′nLO] (11)
R0′n0′ = γ0(1 + nTA)nLO (12)
nTA
τ
= γ0(1 + nTA)nLO (13)
where n0′ , n1′ are the number of electrons at ground and ﬁrst excited states in the well and nLO, nTA are the number
of primary and secondary phonons respectively. I˜ = I¯/e is the electron current. The R0′ and R1′ are the escape
rates of electrons through the right barrier before and after the phonon emission respectively. They are calculated
from the barriers transmittances and vary slightly with the applied bias. They are of the order of R0′ = 0.07ps−1
and R1′ = 0.5ps−1. The parameter γ0 is the decay rate of LO phonons in pairs L˜O-TA, obtained experimentally by
Valle´e [19]. The LO phonon emission rate w was calculated using the simpliﬁed model of Licari and Evrard [22].
Furthermore, the dependence of w upon the applied bias was approximated by a step function with a Gaussian tail.
Finally the parameters τ is the time that TA phonon remain conﬁned in the well and it is take to be of the order of 10
ps [12].
Figure 2: The electron current in function of the applied bias calculated self-consistently for the following temperature, T = 0K, 50K, 100K.
4. Results
With the purpose to exclude instability processes [23] occurring in the current of electrons due to the accumu-
lation of charge in the well, we choose the following lengths: a) the left barrier width, bl = 56.5Å, b) well width,
d = 197.75Å and c) right barrier, br = 31.075Å (see Fig. 1). The barriers are made of AlxGa1−xAs with an alu-
minium concentration of x = 0.38, which corresponds to a barrier height U = 300meV . In order to study the inﬂuence
of temperature on the emission of coherent TA phonons in our devices, we vary the system temperature. The con-
sidered temperatures were T=0K, 50K, 100K. The corresponding electron current and the saser intensities for each
temperature are shown in Fig. 2 and Fig. 3 respectively.
For zero temperature, we see in the Fig. 2 that the ﬁrst current peak, corresponding to the ground state current of
the well, goes to zero when this state passes under the bottom of conduction band of the emitter. The current ﬂows
again when the excited state passes below the emitter Fermi level. This corresponds to the second peak of Fig. 2.
When the temperature increases, electrons in the emitter occupy states of higher energy. This implies in non-zero
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Figure 3: The SASER intensity measured in phonons per ps corresponding to the electron current found in the previous graph, Fig 2.
currents between the two peaks of Fig. 2. For a temperature of 100K, one can see the beginning of the appearance of
an extra current peak (not shown) above 120 mV which comes from the second excited state of the well.
In Fig. 3, we can see that the onset of TA phonons rate does not change with the increase of temperature. This
occurs because with the given dimensions of the DBH, the right barrier does not conﬁne the electrons which tunnel
into the well. Therefore the charge injected in the well does not interfere signiﬁcantly in the energy levels of the well.
Nevertheless it is seen that the intensity of TA phonon emission is proportional to this charge increase. This comes
because the current is temperature dependent via the charge density of states.
In summary we presented a realistic calculation via non-equilibrium Green functions for a device known as saser.
This device is a DBH resonator pumped by electrons which produces a continuous beam of coherent TA phonons
with frequency in the range of THz. From the results, we see that with increasing temperature occurs a broadening
of the current peaks, consequently an interference between them. Because the dimensions of the double barrier, the
threshold of emission of TA phonons does not change with increasing temperature. Further details as the decimation
process and important eﬀects such as bistability will be presented elsewhere. For future work at high temperatures,
one must consider the decay processes of the third state to lower energy states.
The authors great acknowledge the ﬁnancial support of the Brazilian funding agencies CAPES, FAPEMIG, CNPQ.
[1] A. Yamamoto, T. Mishina, Y. Masumoto, and M. Nakayama, Phys. Rev. Lett. 73, 740 (1994).
[2] M. Trigo, T. A. Eckhause, M. Reason, R. S. Goldman, and R. Merlin, Phys. Rev. Lett. 97, 124301 (2006).
[3] M.D. Cummings and A.Y. Elezzabi, Appl. Phys. Lett. 79, 770 (2001).
[4] T.D. Krauss and F.W. Wise, Phys. Rev. Lett. 79, 5102 (1997).
[5] S. M. Komirenko, K.W. Kim, A. A. Demidenko, V. A. Kochelap, and M. A. Stroscio, Phys. Rev. B 62, 7459 (2000).
[6] A. J. Kent, R. N. Kini, N. M. Stanton, M. Henini, B. A. Glavin, V. A. Kochelap, and T. L. Linnik, Phys. Rev. Lett. 96, 215504, (2006).
[7] L. G. Tilstra, A. F. M. Arts, and H.W. de Wijn, Phys. Rev. B 76, 024302 (2007).
[8] V. J. Goldman, D. C. Tsui and J. E. Cunningham, Phys. Rev. Lett. 58 1256, (1987).
[9] V. J. Goldman, D. C. Tsui and J. E. Cunningham, Phys. Rev. B 36 7635, (1987).
[10] L. V. Keldysh , Soviet Phys. JETP, 4, 1018, (1965).
[11] E. V. Anda and F. Flores, J. Phys: Condens. Matter 3, 9087, (1991).
[12] S. S. Makler, M.I. Vasilevskiy, E.V. Anda, D.E. Tuyarot, J. Weberszpil, H.M. Pastawski, J. Phys: Condens. Matter 10, 5905 5921, (1998).
[13] S. S Makler, I. Camps, J. W. and D. E. Tuyarot, J. Phys: Condens. Matter 12, 3149, (2000).
[14] R. Landauer, Phys. Lett. 85A, 91, (1981).
[15] M. Bttiker, Phys. Rev. Lett. 57, 1761, (1986).
[16] B. Jusserand, F. Mallot, J.M. Moison, G. Leroux, Appl. Phys. Lett. 57, 560, (1990).
[17] J.M. Jacob, D.M. Kim, A. Bouchalkha, J.J. Sony, J.F. Klem, H. Hou, C.W. Tu, H. Morkoc¸, 91, 721, (1994).
[18] F. Valle´e and F. Bogani, Phys. Rev. B, 43, 12 049, (1991).
[19] F. Valle´e, Phys. Rev. B, 49, 2460, (1994).
[20] R. G. Ulbrich, Nonequilibrium Phonon Dynamics (NATO ASI Series B, vol 124) (New York: Plenum), 114 (1984).
[21] R. G. Ulbrich, V. Narayanamurty, and M. A. Chin, Phys. Rev. Lett., 45, 1432, (1980).
[22] J. J. Licari e R. Evrard, Phys. Rev. B, 15, 2254, (1977).
[23] J. Weberszpil, S. S. Makler, E. V. Anda and M. I. Vasilevskiy, Micro. Engi. 43, (1998).
